Offices account for 40% of energy use in construction sector. Office building stock is already under-performing and dilapidating at a fast pace. With the current rate of replacing old building stock in the UK, it is expected that at least 60% of what was built before 1985 still exists in 2050. Therefore, refurbishment, with an aim to improve performance of buildings, seems to remain as the most feasible and arguably most cost efficient way forward. Precedent studies in this area are not few and far between.
Introduction
The construction sector represents one of the major contributors to the depletion of finite natural resources across the planet [1] [2] [3] . In the UK, buildings account for about 40- 50% of all energy consumption and greenhouse gases (GHG) emissions [4] [5] [6] . In cities like London, this figure can rise up to 61%, which is substantially higher than the average in the EU (41%) and the US (36%) [7] . More specifically, non-domestic buildings tend to have greater energy consumption per m² of floor area compared to dwellings. Among non-domestic building typologies, offices are one of the major energy consumers [8] , accounting for around 40% of the total consumption in the sector [4] . More than 75% of the UK nondomestic building stock was built before 1985, and about 60% of it will still exist in 2050 [9] .
In fact, whilst 1-2% of the building stock is newly built each year, the rest is already out there and needs improvement [10] . More specifically in terms of the age of the office building stock, about 80% of the office floor spaces, in all regions of the UK, were built before 1990 [11] , with U-values double, if not triple the current levels. Such poor thermal performances, along with the high-density occupancy profile, and the significant internal heat gains due to lighting, appliances and IT equipment, make existing offices one of the most energy intensive building types. In actual fact, they nearly double the sector average for heating, cooling, and ventilation [12] . In terms of CO2 emissions, offices account for more than 20% of the national figure but there is the technical potential to cut their emissions by up to 80%, implementing solutions which are already available today [9] .
In this context, existing office building stock offers a great opportunity for cutting back on greenhouse gas (GHG) emissions and energy consumption [13] and for reducing the negative impact of the construction sector on the environment [14] . Furthermore, those buildings are at the centre of everyday life in the urban fabric hence, if suffering from scarce thermal performance, they could have significant negative impact on economic, social and cultural aspects of their users' lives [8] , making the sustained and continuous operation of the existing building stock a "much bigger but less focused question" than new construction [8] .
Given façade's role as a physical barrier between the indoor and outdoor environments, interventions aimed at improving its performance are considered as one of the most effective ways to reduce energy consumption of buildings [15] and to enhance their indoor environmental quality [16] . In the continental climate of the UK, additional thermal insulation, replacement of existing windows with high performance glazing systems combined with thermal break frames, and installation of shading devices to reduce cooling loads, are all considered effective refurbishment interventions -just to name a few [17, 18] .
This research aims at investigating whether and to what extent such a common belief about façade improvements holds true regardless of the context. In doing so, a case study has been selected, simulated and assessed.
The paper starts with a critical review of literature to gauge how façade refurbishment can help improve energy performance in office buildings and how effective such interventions can potentially be. The design research and methodology will follow next to explain how it was tailored to suit the specific target of this research. This leads into the data collection strategies followed by the data analysis. The findings of the selected case study, an office building in south-east England which has recently gone through a major façade refurbishment with an aim to improve its energy performance, will then be discussed and triangulated with the previous work. This will be concluded to show how what seems to have been common expectation in such projects might not prove to be so if some preliminaries are not fully taken account for or if some aspects of the process involved are overlooked. Finally we will provide some suggestions for further research.
Literature Review
The Carbon Trust [17] states that "the existing [UK] building stock remains largely untouched and many refurbishment projects miss the opportunities to reduce emissions and deliver low carbon buildings". Recently, it is becoming clearer that reducing energy demand through retrofitting buildings deserves to become a priority [19] . Also European regulations see renovations of buildings as a must-take opportunity to enhance energy performance and reduce operational energy consumption [20] . In countries where fossils fuels still dominate, including the UK, operational energy -through its related GHG emissions -is deemed as a major contributor to Global Warming Potential (GWP) [21] . In this respect, innovations in non-domestic buildings in the UK have been estimated to be able to save up to 86MtCO2 by 2050 [22] , which is more than 10% of the reduction needed to achieve the 2050 Climate Change Act target [23] .
Significant opportunities to deliver such energy-efficient and low-carbon refurbishment undoubtedly lay within improvements to the building envelope [17] .
Additional thermal insulation, installation of high-performance glazing systems, and passive measures such as natural ventilation, shading systems, and the use of daylighting are all beneficial interventions in that respect [18] . Some authors suggest that an improved insulation is more important than an increased solar control in existing, poorly insulated office building [12] . There are, however, counter-arguments which suggest traditional means of improving façade thermal performances are likely to increase cooling loads during warm/hot seasons [24] .
The upgrade from standard single or double glazing to high efficiency double glazing to reduce heating loads has been considered as the most effective way to reduce the negative environmental impacts as a result of poor performance of old façade components [14] .
Reduction in space heating in some investigated cases have been recorded to be as high as 35.5% [14] . Similarly, optimisation in envelope retrofit strategies involving the improvement of both transparent and opaque areas of the façade have been analysed and showed reduction of annual energy consumption by 15% and a decrease in annual CO2 emissions by 20% [25] .
Different retrofitting strategies have also been investigated for different types of office buildings in different climatic regions [24, 26] . Amongst those strategies, many relate to elements of the building façade such as the improvement of wall insulation, the replacement of windows and window frames, the use of shading devices, and the maximum deployment of natural ventilation. Such interventions resulted in significant energy reductions for all the office types in all the climatic regions, with values ranging from 20% up to more than 50% [24, 26] . Beneficial effects due to façade improvements, related to heating/cooling loads reduction, natural ventilation, and appropriate shading are also echoed by Wong et al. [27] and Jin and Overend [28] .
Improved retrofitted fabrics have been also investigated in future scenarios from a climate change perspective [29] . The improved retrofitted fabric can achieve an impressive 61% reduction in terms of CO2 emissions related to heating, cooling, and ventilation [29] .
Finally, when analysed from a life cycle perspective, interventions related to the building envelope have shown capable, in some cases, of reducing life cycle primary energy consumption of up to 53% [30] . To summarise, three main conclusions related to façade refurbishments can be drawn from the studies reviewed:  Great energy reduction is achievable  Significant carbon emissions can be saved  Interventions beneficial in one season may have counter effects in other seasons This paper will aim to verify whether those generally accepted hypotheses hold true in the selected case study whose full details are introduced in the next section.
Research Design and Methodology
This research utilises a single-case study research methodology with multiple-unit of analysis to investigate a recent sustainable refurbishment project. A case study is an intensive investigation of a phenomenon in its natural setting, and often makes use of a variety of data sources [31] . It is based on a constructivist paradigm [32] . Yin [33] strengthens the methodological legitimacy of case studies by arguing that a "fatal flaw in doing case studies is to conceive of statistical generalisation as the method of generalising the results of the case study" because cases are not sampling units and should be treated as experiments [34] . The primary strength of case study research is its reliance on data enquiry from different sources and multiple data collection techniques. This increases the validity of findings [35] hence the approach of this research; where a multitude of other methods -building energy and fabric surveys, energy simulation using an industry standard simulation software package, energy and carbon assessment and comparison against available benchmarks -have been employed to enrich and deepen the findings, increase its construct validity, internal validity, external validity and reliability [36] .
The tool chosen for the Building Energy Simulation (BES) is IES VE (Virtual Environment), a powerful dynamic simulation software tool widely used by academics and practitioners alike. Among the main benefits of IES are its flexibility, a fairly user-friendly interface, and the possibility to address different aspects related to buildings without loss of accuracy and precision. In fact, the software tool is built around different sections that can eventually be interlinked to provide more accurate and reliable simulations. These include individual packages for solar shading calculation, ventilation analysis, thermal simulation, daylighting, etc. More importantly IES has been checked against guidelines and methodologies for Building Energy and Environmental Modelling (BEEM) software proving to be amongst the best software packages available [37] . Due to unavailability of better data, the nearest weather file was London which is, therefore, the one used. The building has been modelled with two scenarios: pre-and post-refurbishment. The need to opt for dynamic energy simulation over other methods, i.e. comparison of actual energy use pre-and postrefurbishment, is due to the peculiarity of the building which is jointly owned and occupied and combined and cumulative energy figures were not made available. However building owners allowed us to access and to survey the building for one entire day. Furthermore, they provided us with occupancy profiles and boilers settings. For the indoor environment survey we utilised a '4-in-1' environment monitor able to measure: Collected data have been then used to calibrate our model. Specifically, we used collected data partly as inputs to increase the accuracy of our model and as outputs to check our model against, and then calibrate it in a feedback/feedforward loop.
Thermal comfort could not be fully assessed and it indeed represents one of the limitations and recommended avenues for further research, as we will explain in more detail in Section 6. However, we were keen on assessing, to some extents, the impact on the risk of overheating due to the newly installed glazing and the southern orientation of half of the building. In this respect, the Overheating Task Force in CIBSE has recently developed a new assessment method which has been published in the Technical Memorandum No. 52 (TM52) [38] . It adopts an approach based on current European Standards [39] ; however, the three criteria proposed in TM52 are more stringent than those currently used since they assess (a) the number of hours of exceedance from a threshold comfort temperature, (b) the frequency of the overheating, and (c) the severity of the overheating -respectively. TM52 assessment has been carried out from within one of the modules of IES.
Data Collection and Data Analysis
The case study building is located in the South East England and its main orientation is NE-SW. The building incorporates office activities and it is made of five storeys -one of which is underground. Its refurbishment has involved several elements of the building envelope; more specifically:
(1) Installation of mineral wool insulation (thickness 50mm; product subject to contractor's choice but compliant with BS EB 13162; thermal conductivity: 0.037
(2) Sealing gaps and air paths; Building elements characteristics of both pre-and post-refurbishment cases are given in Table 1 . Due to the public services carried out within the building, access for measurements and survey has been limited. However, significant data were collected, including:
 Light levels were measured in individual spaces using a lux-meter and these were inputted to the BES  Details of the windows (Figure 2 ) and of the shading devices ( Figure 3 ) were also acquired, again in order to increase the accuracy of the simulation. It is worth noting that all rooms but the server room are naturally ventilated, thus requiring particular attention to the simulation of the openings, for it heavily affects thermal comfort (the A/C server room is not considered within this study). As explained before, all the data collected led to a very accurate representation of the building prior to running energy simulations. Figure 4 shows the building superimposed on its current location in Google™ Earth©. Orientations, openings, shading elements, layout of internal spaces, all are as close to their real forms and specifications as possible. We feel, in this respect, that more accuracy could have hardly been achieved within reasonable time and project financial limits. As explained earlier, access to the building for the energy survey has been possible only in one given day. Therefore, indoor air temperature values have only been measured in that day and this does in fact represent a limitation of this study. However, given that the weather file which was used refers to London and it does not take into account the specific microclimate of the building location, the good match between measured and simulated temperatures across all accessed rooms was deemed satisfactory.
Additionally, heating loads compare significantly well with existing benchmarks for the UK office buildings [40, 41] (Figure 6 ).
Figure 6: Comparison of modelling results against available UK energy benchmarks
More specifically, it can be seen how the refurbishment interventions have moved the loads value from that of the "Generic Office" towards the "Good Practice" area -though the "Good Practice" benchmark is still far away. Although an overall heating load reduction is observable, it is worth also presenting the results broken down into monthly values ( Figure   7 ). It should be noted that the installation of DGU has actually increased the heating energy consumption in spring months. This is due to reduced solar gains, in the form of 'free' heating to the indoor spaces. This means that, during those months, more often than before the temperature drops below the heating set point, thus activating the boiler for space heating, which in turn increases energy consumption and carbon emissions. 42, 43] . In this respect, since the building is fully naturally ventilated (apart from the server room which has been excluded in this analysis), the three most significant energy end-uses are space heating, lighting, and hot water. Yearly totals for each in both pre-and post-refurbishment scenarios are shown in Figure 8 . spring months also decreased overheating over summer months. However, it is worth bearing in mind that the TM52 assessment is far from being comparable to a full post-occupancy survey and evaluation and therefore comfort results must be taken into account with care.
Additionally, as Figure 5b indicates, in some of the rooms the indoor air temperature resulting from the BES is lower than that actual measured temperature. This means that-for those rooms-the TM52, which uses the simulated temperature for the comfort assessment, could potentially miss out uncomfortable conditions, which could instead occur in reality.
Discussion of Findings
As expected, double-glazing contributed significantly to savings in space heating energy. Indeed, the assessment of carbon and energy consumption shows a net reduction of 16%. This is explained by a better insulation of the building and reduced losses from the buildings' fabric, whose location near the sea implies less temperature variations and (very) limited severe weather conditions during a typical calendar year.
However, this is just one side of the story. Operational energy figures need to be assessed holistically, and therefore focusing just on the heating reduction would be misleading. In fact, interventions in the building envelope have also significantly increased need for artificial lighting hence an increase in electricity consumption. When both results are taken into account, operational energy reduction is less significant (Figure 10 ) totalling a less remarkable 8%. This finding is in line with some results from the literature [30] , where researchers have found that the upgrade of original windows with low-e DGUs did not significantly reduce the operational energy consumption in the buildings they modelled.
From the carbon point of view things just do not actually improve. In fact, they worsen as the total reduction as a result of the interventions is just 2%. This is due to the higher GHG conversion factor or carbon density (kg CO2e/kWh) that electricity has compared to natural gas. From a carbon (environmental) perspective then, the significant increase in lighting, due to the combined choice of solar control DGU and shading devices, almost totally outweighs the benefit of the whole refurbishment. This result is extremely important.
More specifically, it highlights that close attention is to be paid to avoid moving environmental burdens from one energy end use to another which, like in this case, has a higher environmental impacts due to the specific energy mix, i.e. electricity vs. natural gas.
Environmentally speaking, it would be extremely interesting to see what the life cycle GHG impacts would be like, when embodied energy related to pre-and post-occupancy stages of the building is taken into account.
Conclusions, Limitations and Further Research
Improvements to the building envelopes are believed to be beneficial and this was shown in the literature review presented in Section 2. However, the results from the building case studied in this research indicated otherwise. The energy reduction achieved is not as significant as suggested by the literature and when carbon reduction is taken into account improvements become extremely marginal due to different energy mix and conversion factors specific to the geographical context of the study. More specifically, additional insulation, high performance DGUs, and shading devices failed, to some extent, to deliver the "sustainable" or "environmentally friendly" refurbishment that was initially intended. For instance, operational carbon reduction only totalled an insignificant 2%.
More attention needs therefore to be paid when approaching refurbishment projects.
This can include a full pre-refurbishment survey, as suggested by different professional bodies [18, 44, 45] defines as 'essential' to undertake a full survey of the existing building prior to commencing any refurbishment work. Such a survey should chiefly serve the purpose of investigating the viability of the intended refurbishment and address potential alternatives -should there be any need for it. Table 4 highlights the main elements from the two aforementioned documents that the case study addressed in this article would have greatly benefitted from if pre-refurbishment measures were taken into account more proactively. Quite evidently, a few of the core elements presented in Table 4 have not been sufficiently addressed in the refurbishment project studied in this research. If the aim was to deliver a low-carbon refurbishment a clear definition of the sustainability aspirations, and an execution, ex ante, of the operations that this research has done, ex post, would have shown little likelihood of achieving successful outcomes given the choices that have eventually been made. Moreover, further and careful considerations related to the building orientation, its topography, and the exposure to solar gains would probably have led to different choices in the glazing types adopted. Very similar claims can be done also in relation to occupancy profiles, and internal gains -although these influenced the outcome of the refurbishment to a lesser extent.
The main recommendation here is that a thorough full-scale study should be done prior to each and every refurbishment project, regardless of how well agreed-upon the planned interventions are. In fact, building location and orientation, site constraints, and occupancy patterns -just to name a few -are all context specific features that may well play a determinant role in making a conventional refurbishment a success or otherwise cause it to fail. This will further prove that our established understandings of conventional measures for energy interventions might not always be applicable and cannot be rolled out regardless of the contextual conditions.
In addition to this, there seems to have been very little engagement with building users despite the fact that the main purpose of an office building is to provide a healthy, comfortable and productive environment for its occupants [46] . If this problem is contemplated over in a more comprehensive context and occupants, as the ultimate users of the space, are collectively consulted both prior and during the project, many problems can be prevented and those few which may still persist, can be addressed and overcome in a collective manner through collaborative working processes. Moreover, more in-time use of rather proven techniques such as consultation, simulation, test scenarios, design and technological solutions alternatives not only can help improve the user satisfaction but also raise their awareness and enhance their space use behaviour; what can be very much nurtured through a mutual two-way communication channel where the end-users can be sure that they are heard, listened to and their opinions, needs, wants and preferences have all been taken into account, and deployed for the collective good of the work place.
In this respect the lack of consideration of building's users represent the main limitation of our work. This was partially due to limited time and resources available in the course of this project and to some bigger extent because access to the occupants was restricted/denied by both the clients' and project manager's concerns around the outcome of our study as it might not conform to the strategic goalposts of the project; what introduced some restriction on direct access to the occupants as the space end-users. More specifically, a post occupancy survey was designed and emailed to the project manager with an aim to be circulated amongst the building's users. Unfortunately, they have never been given our questionnaire and their views and responses had therefore to be neglected in our work.
Another limitation, partially linked to the previous one, is related to the restricted access to the premises. As mentioned in the paper, the building survey had to be completed within one single day and, for such a reason, we could not collect indoor environmental data over a longer period of time, which would have strengthened the validation of our simulated results.
Nevertheless, existing studies often rely solely on simulation to assess pre-and postrefurbishment energy figures. We therefore believe that, despite it being limited, our in-situ measurements add values to the sole use of building simulation tools.
Given the main limitation of our work, adaptive comfort assessment based on the newest research insights [47] and post-occupancy surveys surely represent an interesting direction for further research. Additionally, in relation to the planning, design, management, and delivery of the refurbishment projects, users' expectations, satisfaction and engagement are all worthwhile avenues for future investigations. 
